Background/Objectives: Several nutrients affect bone turnover. Dietary patterns may provide insights into which foods are important and how nutrition affects bone health. The aim of this study was to investigate the associations between dietary patterns, bone turnover and bone mineral density (BMD). Subjects/Methods: This cross-sectional study examined 3236 Scottish women age 50-59 years, who were members of the Aberdeen Prospective Osteoporosis Screening Study. They had hip and spine BMD measurements (dual-energy X-ray absorptiometry) and provided samples for bone turnover markers. Diet was assessed by a validated food frequency questionnaire encompassing 98 foods, from which 35 food groups were systematically created. Dietary patterns were defined by principal components analysis. The bone measures were regressed onto the dietary pattern and adjusted for potential confounders. Results: Five dietary patterns were identified, three of which were associated with bone health. The 'healthy' pattern was associated with decreased bone resorption (r ¼ 0.081, Po0.001). Two other patterns (processed foods and snack food) were associated with lower BMD (femoral neck r ¼ À0.056, r ¼ À0.044, Po0.001, respectively). Conclusions: Dietary pattern may influence bone turnover and BMD. A healthy dietary pattern with high intakes of fruit and vegetables may lead to less bone resorption, and a poor dietary pattern rich in processed foods is associated with a decrease in BMD. This study confirms that a healthy diet is required for strong bones, and highlights that a nutrient-poor diet is a risk factor for osteoporosis.
Introduction
It has been estimated that one in two women and one in five men in the United Kingdom over the age of 50 years will have an osteoporotic fracture (van Staa et al., 2001) , and the prevalence of osteoporosis and related fractures is increasing (Sambrook and Cooper, 2006) . Poor nutrition is likely to have a role in the pathogenesis of the disease, but most research has concentrated on calcium and vitamin D. Other nutrients and food groups, such as vitamin K, fruit and vegetables, potassium, caffeine and protein, have shown an effect on indices of bone health (New et al., 1997 (New et al., , 2000 Hannan et al., 2000; Hegarty et al., 2000; Macdonald et al., 2004 Macdonald et al., , 2008 Cockayne et al., 2006; Tucker et al., 2006) , although clear relationships have not been elucidated. Dietary research tends to be reductionist in nature, as researchers generally focus on the effects of a single nutrient or food when examining relationships between diet and disease; however free-living people eat mixtures of foods that contain a combination of nutrients. These combinations reflect individual food preferences, which may be driven by a mixture of social, cultural, environmental, health, economic and lifestyle factors (Kant, 2004) . It may be more appropriate to study particular combinations of foods as described by dietary patterns rather than individual foods or nutrients (Schulze et al., 2001) . Dietary patterns allow investigators to examine the whole diet, and assess whether individual nutrients known to be associated with certain diseases are present or absent in those diets, and hence draw associations between dietary habits and diseases. Dietary patterns have been shown to be reproducible and valid (Hu et al., 1999) , and have been used to examine relationships between diet and disease (Kant, 2004) . Tucker et al. (2002) used cluster analysis to show that a dietary pattern rich in fruit and vegetables had a protective effect on bone mineral density (BMD), and that a diet high in 'candy' was associated with low BMD in both men and women in the Framingham cohort. A study of pre-menopausal female Japanese farmers found that a dietary pattern with high intakes of fish, fruit and vegetables, and low intakes of meat and processed meat may have a beneficial effect on BMD (Okubo et al., 2006) . The aim of this work was to determine the dietary patterns of older Scottish women using principal components analysis, and ascertain whether these patterns were associated with bone resorption, bone formation and BMD.
Subjects and methods

Subjects
Subjects were recruited from a population-based screening programme for osteoporosis fracture risk, involving 5119 women aged 45-54 years, who first visited our unit between 1990 and 1994 (Garton et al., 1992; Torgerson et al., 1993) . They were randomly selected from a community health index, which records the entire population registered with a general practitioner, and all underwent bone densitometry and risk factor assessment by questionnaire. They were invited for further screening between 1997 and 1999; when 3883 women returned. At the second visit, 3236 women completed a diet and physical activity questionnaire, had bone densitometry measurements, and the majority provided a second early morning fasted urine sample for analysis of bone resorption markers (n ¼ 2929). Non-fasted blood samples were also collected. Written informed consent was obtained from all the women and the Grampian Research Ethics Committee approved the study.
BMD was measured at the femoral neck (FN) and lumbar spine (LS) (L2-L4) by dual-energy X-ray absorptiometry (Norland XR26 and XR36; Cooper Surgical Inc., Trumbull, CT, USA). Most of the women (92.8%) were scanned by using the XR26 dual-energy X-ray absorptiometry, but 7.2% of the women were scanned by using the XR36 machine. A comparison of 50 phantom measurements using both machines showed a small difference (1.258%) in mean BMD between the machines; therefore, a correction factor was used to convert the XR36 values to XR26-equivalent values (Macdonald et al., 2004) . The same trend in results was seen whether or not this correction factor was used.
The urinary bone resorption markers free pyridinoline (fPYD) and free deoxypyridinoline (fDPD) were measured in second early morning fasting urine by reverse-phase highperformance liquid chromatography with fluorescence detection (MacDonald et al., 1997) . Creatinine was measured in urine with standard automated techniques (Roche, Lewes, United Kingdom), and the results were expressed as fPYD/Cr and fDPD/Cr (nmol/mmol). The inter-assay coefficient of variation for both marker methods was 5.5%. The bone formation marker, serum N-terminal propeptide of type 1 collagen (P1NP) was measured in non-fasted blood samples using an enzyme chemiluminescent immunoassay supplied by Roche products. The assay has a sensitivity of 2 mg/l and an inter-and intra-assay coefficient of variation of o4% across the range 5-100 mg/l.
Usual dietary intake was assessed using a validated food frequency questionnaire (FFQ) that has been used in other studies of diet and bone health in Scotland (New et al., 1997; Macdonald et al., 2004) . This semi-quantitative FFQ was developed from the Caerphilly FFQ and has been modified to include more detail on bone-related nutrients and other foods commonly eaten in northeast Scotland. It assesses usual intake of 98 foods in the present and past (up to 12 years and 20-30 years of age) and has been validated using biochemical markers of antioxidant status and 7-day weighed records (Bolton-Smith et al., 1991; New, 1995) . The weight of each food consumed was obtained by multiplying the frequency of intake with its assigned portion size. Foods were systematically grouped together on the basis of similarities of food and nutrient composition, thus reducing the 98 foods to 35 food groups (Appendix Table A1 ).
Measurement of confounding factors
The women were weighed on a set of balance scales (Seca, Hamburg, Germany) calibrated to 0.05 kg while wearing light clothing and no shoes. Height was measured with a stadiometer (Holtain Ltd., Crymych, United Kingdom) to 0.5 cm. Information on health, smoking status, menopausal status, hormone-replacement therapy (HRT) and other medication use was collected. Social deprivation category was assessed from postal codes (McLoone, 1994) . Physical activity levels were obtained by using the same questions as used for the Scottish Heart Health Study (Tunstall-Pedoe et al., 1989) . The physical activity level was calculated from the number of hours in the day spent doing light, moderate or heavy activities, and how many hours were spent in bed or resting. These questions were asked separately for working and non-working days.
Statistical analysis
All statistical analyses were carried out using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics were determined for all the bone and confounding variables, and when the distribution was skewed, the natural logarithm was used to transform data to achieve normality. Intake of food groups was adjusted for total energy intake using the residual method (Willett and Stampfer, 1986) , and the database used for calculating energy intakes was based on McCance and Widdowson's Composition of Foods (version 5).
Principal components analysis was used to derive dietary patterns based on 35 food groups (Appendix Table A1 ) from the FFQ. The factor score for each pattern was computed by summing the reported intake (g) of the food items weighted by the factor loading, giving every subject a factor score for each identified dietary pattern. When determining which factors to explore further, we considered factors with an eigenvalue 41, the scree plot (plot of eigenvalues against the number of factors), and the interpretability of the factors. The importance of a factor is reflected in its eigenvalue, which represents the amount of variance that is explained by a factor.
Dummy variables were created for a combination of hormone replacement therapy use and menopausal status. There were five mutually exclusive categories for menopausal status; pre-, peri-and post-menopausal (never used HRT), past HRT users, and finally present HRT users (which were used as the reference category). To study the relationship between bone health and dietary patterns, Pearson's correlation coefficients were used to check for associations between the factor scores for each pattern and the bone variables. Multiple linear regressions were used to assess the relationship between the factor scores and bone variables. Dummy variables were entered for HRT use and menopausal status, and the independent predictors of age, height, weight, physical activity level, social deprivation category and current smoking were entered in a stepwise manner. Since a number of independent tests were performed, the significance threshold was adjusted accordingly using a modified Bonferroni correction from the conventional value of P ¼ 0.05 to P ¼ 0.017.
Results
The characteristics of the study population are shown in Table 1 . In all, 22 subjects were taking bisphosphonates, and 2 selective oestrogen receptor modulators. One-fifth of the women were obese (body mass index 430 kg/m 2 ), 38% were overweight and 40% had a normal body mass index. The mean intakes of the food groups (Appendix Table A2) showed that the greatest mean weight of food eaten was in the form of fruit and vegetables (1642 and 1239 g per week, respectively). This is broadly equivalent to 5.1 portions a day (where a portion is 80 g). Tea, which was drunk by 80% of the population, contributed the most to the weight of liquids drunk, an average of three cups a day. The carbohydrate-rich food groups of potatoes and bread contributed the greatest mean percentage of energy to the diet (10.3 and 6.6%, respectively). Other food groups that contributed significant quantities (X6%) of energy were yoghurt or creams, fats or oils, biscuits, fruit and milks. Alcoholic drinks provided a mean of 2.3% of energy to the diets; this is comparable with that provided by vegetables, which contributed 2.4%. There were 30 vegetarians, and 3 vegans in the cohort, although more people omitted reporting eating meat and fish (n ¼ 64 and n ¼ 158, respectively).
In all, 13 factors with an eigenvalue 41 were extracted accounting for 52% of the total variance in the diet. Five major dietary patterns were identified (accounting for 26% of the total variance) for testing in the final model. Factor loadings, (which are the correlation coefficients between the variables and the dietary pattern), for the five factors are given in Table 2 .
The first factor, a 'healthy diet', showed high positive loadings (X0.5) for fruit, vegetables and rice or pasta. Other food groups extracted with positive loading values included white meat, oily fish and dairy products (excluding milks). Processed foods, including biscuits, confectionery and processed meats, had negative loadings (À0.30 to À0.38). The second factor, a 'processed food' diet showed a pattern rich in processed foods, with cakes and desserts having the strongest positive loadings of 0.39 and 0.37, respectively. Fats or oils and breads were the only foods in this factor to have negative loadings (-0.59 and -0.57, respectively) . The third factor, labelled a 'bread and butter' diet showed positive loadings for bread and fats or oils, and negative Abbreviations: BMI, body mass index; fDPD/Cr, free deoxypyridoline expressed relative to creatinine; fPYD/Cr, free pyridinoline expressed relative to creatinine; HRT, hormone replacement therapy; PAL, physical activity level.
a Based on postcode classification, where 1 represents the most affluent, and 6 represents the most deprived.
factor scores for red meat and spirits. The fourth factor, a 'fish and chips' diet only retained five positive factor loadings of fish, fish dishes, potatoes, bread and fats or oils. The fifth factor, a 'snack food' diet included positive loadings for confectionery, crisps or nuts and sauces. The strongest loading in this dietary pattern was À0.56 for milks. Three of the five factors were correlated with bone outcome variables. The 'healthy' diet was negatively associated with bone resorption (fPYD/Cr, r ¼ À0.081; fDPD/Cr, r ¼ À0.079; Pp0.001), and positively associated with BMD at both sites (LS BMD r ¼ 0.054, P ¼ 0.002; FN BMD r ¼ 0.056, P ¼ 0.001). The 'processed food' diet was negatively associated with BMD at both sites (LS BMD r ¼ À0.043, P ¼ 0.015; FN BMD r ¼ À0.056, P ¼ 0.002), as was the 'snack food' diet (LS BMD r ¼ À0.041, P ¼ 0.020; FN BMD r ¼ À0.044, P ¼ 0.012). No significant associations were seen between the 'fish and chips' or 'bread and butter' and any bone outcome variables. No dietary pattern was associated with the bone formation marker P1NP.
Multiple linear regression showed that the 'healthy' diet was significantly associated with the two bone resorption markers, fPYD/Cr and fDPD/Cr after adjusting for confounders (age, weight, height, social deprivation category, physical activity level, smoking, HRT use and menopausal status; Table 3a ); however, it was not associated with LS or FN BMD. The relation between the 'processed food' and 'snack food' diets, and both FN and LS BMD remained significant after adjusting for confounders. Weight was the most important predictor in both models and smoking, being post menopausal, past use of HRT, increasing age and a higher factor score for the 'processed foods' diet or the 'snack food' diet were associated with decreased BMD at both sites. Both diets explained 0.3% of the total variation (Table 3b) .
Subset analyses were carried out to explore the differences between post-menopausal women currently taking HRT and those who had never taken HRT. For the former, the healthy dietary pattern was the strongest predictor of fDPD excretion and explained a variance of 11.4% (unstandardised b À0.032, 95% confidence interval for b À0.051, À0.013 P ¼ 0.01), but only explained a variance of 1.1% in fPYD excretion (unstandardised b À0.022, 95% confidence interval for b À0.04, À0.004 P ¼ 0.09), and the snack food pattern explained 0.6% of the variation in FN BMD (unstandardised b À0.01, 95% confidence interval for b À0.018, À0.003 P ¼ 0.009). For those who had never taken HRT, associations were comparable with the whole group, with the healthy pattern predicting bone resorption, the processed food dietary pattern predicting LS and FN BMD, and the snack food pattern predicting LS BMD only.
Discussion
This is the first study using principal component analysis to examine associations between dietary patterns and markers of bone health in Western post-menopausal women. Three dietary patterns (healthy, processed and snack foods) were found to be associated with markers of bone health. Two of the patterns are similar to two of the six patterns obtained by cluster analysis in older men and women of the Framingham Osteoporosis Study (Tucker et al., 2002) , in which a healthy diet (fruit, vegetables and cereals) was found to positively associate and a 'candy' diet negatively associated with BMD. Similarly a study of pre-menopausal female Japanese farmers found that a healthy dietary pattern (obtained by principal component analysis) was associated with higher BMD (Okubo et al., 2006) . Neither study examined the relationship with markers of bone turnover.
There are many reasons why a 'healthy' dietary pattern is associated with better bone health. The food types included in this pattern were fruit and vegetables, white meat, white and oily fish and dairy products. These foods contain nutrients that are associated with good bone health. Calcium-rich foods are fundamental to bone health, as calcium is the main mineral constituent of bone. The 'snack food' diet had a strong negative correlation with milks (À0.56) emphasising that dairy products are beneficial for BMD. Vitamin D is another nutrient vital for maintaining bone health as it is responsible for regulating the efficiency of intestinal calcium (Holick, 2006) . Oily fish, which is an important source of dietary vitamin D, had a factor loading of 0.36 for the healthy dietary pattern, and although sunlight is the major source of vitamin D, dietary sources may become important where sunlight of the appropriate wavelength is scarce (at latitudes further away from the equator). The decreased bone resorption observed with the 'healthy' dietary pattern may also be explained by eating foods that provide adequate protein. The 'processed food' and 'snack food' dietary patterns were characterised by foods that were low in protein. The action of protein on bone is complex, and its effects may be dependant on other foods eaten within the diet (Heaney, 1998) . Low protein intakes have been found to compromise bone quality (Heaney, 1996; Bonjour et al., 1997) , and this may explain why a decrease in BMD was associated with the low protein diets.
The highest factor loadings for the 'healthy' diet were seen in fruit and vegetables (0.55 and 0.6, respectively). A number of short-term population-based studies have demonstrated a beneficial effect of fruit and vegetables on indices of bone health (New et al., 1997; Tucker et al., 1999; Macdonald et al., 2004; Prynne et al., 2006) .The consumption of fruit and vegetables may act on bone in one of two ways, either via some pharmacologically active compound found within them or, by the base buffering of excess dietary metabolic acids (Wachman and Bernstein, 1968) . The 'healthy' diet contained white meat and cheese, which contributes to the potential renal acid load of the diet and could be hypothesised to be detrimental for bone health. However, this diet also contained high amounts of fruit and vegetables, which may have buffered any excess dietary acids, thus preserving bone. A 2-year intervention trial in a subset of the APOSS women did not find any effect of either supplementary potassium citrate or an extra 300 g per day of fruit and vegetables on bone turnover or maintenance of BMD although a reduction in calcium excretion was seen (Macdonald et al., 2008 (Macdonald et al., , 2009 ).
Fruit and vegetables are good sources of vitamin C, vitamin K, fibre, flavonoids and phytoestrogens. Individually, all of these nutrients have been found to have positive associations with bone health, and this endorses the plausibility of the dietary patterns, as individual nutrients that are known to be associated with BMD are rich in those diets that we find are associated with good bone health.
It is possible that the healthy dietary pattern may be a marker for a healthy lifestyle, with a greater proportion of time spent outdoors, and/or the use of supplements. Whereas, conversely, the poor dietary patterns are associated with an unhealthy dietary lifestyle and this could confound our findings. Two dietary patterns showed no association with bone health, the 'bread and butter' and 'fish and chips' diet. This may be because of omission or displacement of key food groups by the less nutrient-dense foods found in those dietary patterns. We did not find an association with P1NP and the dietary patterns obtained by principal component analysis. This may be because of P1NP being primarily affected by non-dietary factors (Huda et al., 2007) .
There are several limitations to this study, dietary patterns were not measured directly, but relied on reported FFQs. The use of FFQs to estimate intakes is not without error; however, they are accepted as the standard tool for epidemiological investigations. The strength of association between the dietary patterns and markers of bone health were small, as was the amount of variation in bone explained by the dietary factor (o1%). However, the correlations are similar to that found for other key nutrients and the amount of variation is greater than that explained by smoking and physical activity, factors which has been shown to be important in the maintenance of bone mass (Hingorjo et al., 2008) . The study was cross-sectional and causality cannot be assumed. In addition dietary patterns may be expected to differ by population because of the consumption of different foods (Balder et al., 2003) , and the diet-disease association found in our study may not apply to other populations. The strength of this study is the large number of subjects and the measurements of bone resorption and formation markers in addition to BMD used in the exploration of dietary patterns, giving both a static and dynamic measurement of bone. This study included women taking known confounders of bone health (HRT, bisphosphonates and selective oestrogen receptor modulators). However, the subset analysis showed that the healthy dietary pattern was important irrespective of whether the women were taking HRT or not. The processed food pattern had no association with BMD for those taking HRT, suggesting that the positive effect of hormones can negate the negative effect of a processed food diet. For the snack food pattern, current HRT use was associated with FN BMD and never having used HRT was associated with LS BMD showing that the presence or absence of oestrogen has a greater role in the more metabolically active LS than the FN. This study included a few women taking bisphosphonates and selective oestrogen receptor modulators, however, a sensitivity analysis found no changes in the associations between dietary patterns and bone health, so they were not excluded from the study.
In conclusion, these findings indicate that a diet rich in fruit and vegetables may reduce bone resorption, and that a poor diet may be partly responsible for low bone mineral density. Dietary advice for strong bones is a healthy, balanced, calcium-rich diet and, this study confirms this advice and highlights that a poor diet (rich in processed foods) or low in protein and other important nutrients and is a risk factor for poor bone health. 
